Abstract -Various proteins are known to be linked covalently to nucleic acids under UV irradiation. The phOto-cross-links occurs from the interacting states between nucleic acids and proteins. The present approach to this problem involves the characterization and identification of photoproducts obtained from model systems using simple pyrimidine bases and amino acids as well as some mechanistic aspects. 5-Bromouracil or its derivatives undergoes selective photocoupling to tryptophan, indoles and some electron-rich aromatics under varthus irradiation conditions, where four modes of reactions were observed: involvement of (1) triplet bromouracil, (2) a double electron transfer in the presence of an electron carrier, (3) mixed aggregate formation in aqueous frozen solution, and (4) 
INTRODUCTION
The active study of nucleic acid-protein interactions in recent years has emphasized that these interactions play essential roles in life processes and their controls. Thus the formation of specific complexes between nucleic acids and proteins is of central importance in molecular biology. More recently, many reports have indicated that stable covalent complexes between nucleic acids and proteins are formed in vitro and in vivo, when cells are irradiated with ultaviolet light, causing damages of the living systems such as aging, The photoinduced cross-links of nucleic acids to proteins have been found to require specific complex formation between the interacting biopolymers, indicating the non-random nature of the cross-linking reactions (Ref. 5) . The tendency of nucleic acids and proteins to form specific covalent adducts by UV irradiation is also used as a probe for the investigation of the structure of native nucleic acid-protein complexes (Ref. 1, 2). Despite many approaches to solve the problem, little is yet known about the chemical nature of these photo-crosslinks. We have approached to this problem utilizing the photochemistry of simple model systems to freeze existing contact points in the nucleic acid-protein complexes, which will allow us to contribute to the characterization and identification of the interacting residues as well as the understanding of certain kinds of photodamages of living systems. The present paper summarizes recent results obtained from our laboratory.
I. PHOTOCOUPLING OF 5-BROMOURACILS
When thymine is replaced by 5-bromouracil (BrU) in DNA, the sensitivity of certain cells to killing by UV radiation is remarkably increased (Ref. 6). Among three possible mechanisms proposed for this sensitizing effect, self-coupling of two BrU residues to form 5,5'-diuracilyl linkage (Ref. 6), induction of single-strand breaks in DNA (Ref. 7) , and rate enhancement of production of DNA-protein cross-links in cells (Ref. 8) , the third mechanism drew our particular attention. On the other hand, Varghese has shown that thiols such as cysteine undergo photocoupling to BrU (Ref. 9 ). The formation of 5,5-diuracilyl and the thiol coupling products from BrU has been interpreted in terms of 5-uracilyl radical formed by C-Br linkage (Ref. 6b), probably via a singlet excited state.
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As a model for the photo-cross-coupling of BrU-substituted DNA with proteins, we have investigated the photoreaction of 5-bromouracil derivatives with various aromatic amino acid derivatives and found that tryptophan derivatives undergo a facile and regiospecific photocoupling. Detailed studies of this photocoupling reaction with indoles other than tryptophan derivatives and with some electron-rich aromatic compounds, led us to obtain a finding that there are four modes of photocoupling reaction (eqs. 1 -4). Acetone-sensitized irradiation of 2 ,3'-O-isopropylidene-5-bromouridine (la) with Pyrexfiltered light in acetonitrile in the presence of Nb_acetyltryptophan methyl ester (2a) gave .-in 70 % yield. A similar coupling product, 3b (80 %) or 3c (49 %), was obtained from 3___ and 2b or under the same irradiation conditions. During irradiation, part of the tryptophan derivatives gave rise to polymeric products, possibly originated from hydrogen abstraction from them by acetone triplet (Ref. 12) . Mild acid treatment of 3a and 3b gave 4a (55 %) and 4b (56 %) respectively. Under the same irradiation conditions melatonin Jbacetyl5methoxytryptamine) was photolabile to decompose to polymeric products, but under direct irradiation with 254-nm light in the presence of la it gave a similar coupling product (13 %) together with a uridine (35 %), the debrominated product of la, which might arise via C-Br bond fission from the singlet excited state of la (Ref. 6). -A mechanistic study of this coupling reaction was carried out using a simple analog, 5-bromo-1,3-dimethyluracil (5) in place of la. Acetone-sensitized irradiation of 5 in the presence of 2a, 3-methylindole, and 1,3-dimethylindole with Pyrex-filtered light in acetonitrile gave a coupling product 6a (67 %), 6b (66 %), and 6c (71 %) respectively. The coupling reaction of 5 with 2a leading to 6a was not sensitized by acetophenone (ET = 74 kcal/mol), benzophenone (68 kcal/mol) and triphenylene (65 kcal/mol). Comparing these triplet energies with those known or estimated for 3-methylindole (68 kcal/mol), tryptophan (65 kcal/mol) and 5-bromouracil (74 kcal/mol), it seems reasonable that the triplet state of 5 formed from triplet acetone (79-82 kcal/mol) is responsible for the photocoupling reaction. This was also supported by the fact that the formation of 6a (13 %) from the unsensitized irradiation of 5 and 2a was inhibited by the addition of 1 ,3-pentadiene which did not affect the simultaneous formation of the debrominated product, 1,3-dimethyluracil (75 %). On the basis of the following facts, we proposed an electron-transfer mechanism of eq. 1., which involves interaction of the triplet state of 5 (BrU) with indoles (InH), possibly giving a triplet excited complex, followed by its dissociation into a radical ion pair. The anion radical of 5 (BrU) thus formed will release Br anion yielding a 5-uracilyl radical which combines with the indole cation radical (InHt) followed by deprotonation to form the coupling product (In-U). Alternatively for the unsensitized photoreaction of 5 and 2a, bromouracil triplet may be formed via an inefficient intersystem crossing of the singlet excited BrU, which mainly undergoes debromination into the parent uracil (UH). Among indole derivatives tested for the acetone-sensitized coupling of S yielding 6, 7 gave no coupling product 6d. However, this difficulty was overcome by adding an electron carrier such as and 2-methoxy-(8), 2,3-dimethoxy-and l,4-dimethoxynaphthalenes in the reaction system. For example, irradiation of a mixture of 5, 7, and 2a (1 : 2 : 2) in 1 : 3 acetoneacetonitrile with Pyrex-filtered light gave a mixture of the corresponding coupling products 6a (42 %) and 6d (22 %). Similar irradiation of a mixture of 5, 7, and 8 ( 1 : 2 1) gave 6d (38 %) and a mixture of two isomeric coupling products 9 (31 %J. Under the conditions, about 80 % of the incident light was absorbed by acetone. Lxclusive involvement of the triplet state of 5 is supported by the finding that neither 6d nor 9 was formed by sensitizing by acetophenone, benzophenone or triphenylene in place of acetone. Direct irradiation of a mixture of 5 and 8 in the absence of acetone gave 9 in only 12 % yield.
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We proposed a mechanism involving a double electron transfer (eq. 2). According to this mechanism, triplet bromouracil (iBrU*) interacts with an electron carrier (NH) to give a radical ion pair, possibly via a triplet excited complex. The NH+ cation radical undergoes either coupling to the bromouracil anion radical (BrU) yielding the coupling product (N-U) such as 9 or an electron transfer from 7 (InH) followed by coupling of InHi thus formed to BrU yielding another coupling product fIn-U) such as 6d. The following experimental data with light through a filter (>270 nm) gave a photoproduct which was separated by preparative high-pressure liquid chromatography. The structure of the photoproduct was assigned as lOa on the basis of its spect-ral properties, particularly UV, H-NMR and fluorescence spectra, which are characteristic of 3 and 4 previously described. Treatment with diazomethane in Photoreactions In the course of our investigation on the sensitized coupling of 5 and 7 in the presence of naphthalene derivatives as the electron carrier (Section I-B), the coupling between 5 and the naphthalenes (eq. 2) draw our attention in view of the facile synthesis of fluorescent uracil derivatives. We found that in the absence of acetone sensitizer, 5 undergoes the fourth type of photocoupling to methyl-and methoxynaphthalenes (NH) via quenching of naphthalene fluorescence (eq. 4).
Irradiation of an acetonitrile solution of 5 and naphthalene derivatives with Pyrex-filtered light gave coupling products 11 -14, which have a fluorescence emission maximum at 418 -457 nm (Table 1) . Under the irradiation conditions, 75 -80 % of the incident light was absorbed by the naphthalenes. Thus 1,4-and 2,3-dimethoxynaphthalenes gave a single coupliry product 11 and 12 respectively, and 1-methoxy, 2-methoxy, 1-methyl-and 2-methylnaphthalenes gave an inseparable 1 : 1 mixture of two isomeric products, 13a, l4a, l3b and 14b respectively. On acetone-sensitization only 2,3-dimethoxy-and 2-methoxynaphthalenes gave the coupling products 12 and 14a respectively, indicating that in other cases triplet states may not be involved in the formation of the coupling products. The fluorescence of the naphthalenes was found to be quenched by 5-bromo-l,3-dimethyluracil (k).
The observed rate constants (kq) for fluorscence quenching are fairly close to that of diffusion-controlled reaction (kdif = 2.7 x lO M1sec in acetonitrile at 20°C) with the exception of 2,3-dimethoxy-and 2-methoxynaphthalenes, which have a smaller k0 value. Another significant finding in the quenching experiments is that the kq values fdr the fluorescence -quenching of 1 ,4-dimethoxynaphthalene (kq = 32.7 M) and l-methoxynaphthalene (40.5 Nl) were comparable to those (44.4 and 35.0 M respectively) obtained from the kinetics of their unsensitized coupling reaction. The results support that complexation of the naphthalene singlet with 5, presumably exciplex formation, followed by an electron transfer is a common process in both the fluorescence quenching and the coupling reaction.
In contrast to the above observations, the Stern-Volmer plot for the unsensitized coupling reaction between 2,3-dimethoxynaphthalene and 5 gave no linear relation, suggesting that the reaction may involve an electron-transfer process from the triplet naphthalene to some extent like eq. 1, in competion with the electron-transfer from the singlet naphthalene as eq. 4.
The kq values for 9-methylanthracene (8.7 x lO M) and 9,10-dimethoxyanthracene (1.4 x 106) were significantly smaller than those for the naphthalenes, and they failed to undergo photocoupling to S but gave the corresponding 5,5'-diuracilyl (Cf. Ref. 6).
II PHOTOCOUPLING OF S-CHLORO-AND 5-IODOURACILS (Ref. 21, 22)
Replacement of thymine by 5-chloro-and 5-iodouracils in DNA increases the UV-sensitivity of cells like the case of 5-bromouracil (Ref. 6). A comparative study was carried out the photocoupling reaction of 5-chloro (5a), 5-bromo-(5) and 5-iodo-(Sb) l,3-dimethyluracils with the tryptophan derivatives 2a under three irradiation conditions: acetone-sensitized irradiation with Pyrex-filtered light (>290 nm), unsensitized irradiation with Pyrex-filtered light and unsensitized irradiation with 254-nm light. As shown in Table 2 , the chlorouracil Sa gave the coupling product 6a in all cases, whereas the major photoreaction of the iodouracil Sb was reduction into 1,3-dimethyluracil (1S), most probably via the 5-uracilyl radical. In the absence of 2a, the iodouracil Sb again gave 15 exclusively in all the irradiation conditions, whereas the chlorouracil Sa gave rise to 1,3,1' ,3'-tetramethyldiuracilyl (16) but gave no reduction product. The chlorouracil Sa showed higher photoreactivity than the bromouracil 5 toward indole derivatives leading to coupling products of type 6a. Thus, a mixture of Sa and 7 yielded, under acetone-sensitized (54 %) and unsensitized (26 %) irradiation (>290 nmj conditions, the coupling product 6d, which could not be obtained from the bromouracil 5 and 7 under both conditions. The results suggest that the halouracils (XU) undergo three types of primary photoreaction in the presence and absence of an electron donor such as 2a, as eq. 5: (i) heterolytic fission of C-X bond, (ii) electron transfer from a donor (TnH) and (iii) homolytic fission of C-X bond. The chloro-, bromo-and iodouracils seem to favorable undergo process (i), (ii) and (iii) respectively. The photoreactions of the chloro-and iodouracils were utilized for the synthesis of some S-substituted uracils, particularly of fluorescent uracil derivatives. For example, irradiation of 2',3'-O-isopropylidene-S-iodouridine (17) in 3 : 1 acetonitrile-benzene with Pyrexfiltered light gave 18a which was hydrolyzed to 5-Phenyluridine (l9a). Under similar irradiation conditions 17 and pyrene in acetonitrile gave l8b which was derived to 5-pyrenyluridine (l9b). While neither 5 and Sb produced the coupling products with furans upon sensitized and direct irradiation, direct irradiation of the chlorouracil Sa with an excess of 2-methylfuran in acetonitrile containing aqueous K2C03 gave a coupling product 20 which Table 3 . All of the model compounds showed appreciable hypochromism indicating the occurrence of intramolecular interactions between the indole moiety and the bromouracil ring, corresponding to folded (or stacked) conformations.
In accordance with this indication, the fluorescence of the indole moiety was quenched by the bromouracil moiety in ll of the model compounds, as exemplified by Fig. 3 . The relative quenching efficiencies,q', given in Table 3 were determined by comparing the fluorescence intensity of each model compound with that of a 1 : 1 mixture of the component compounds. From comparison of the hypochromism and quenching data of Table 3 . Percent hypochromism for 235 -300 nm absorption band and relative quenching efficiency for model compounds 22 -25 (a) (27) % H (CH3CH)
qrel ( In the hope of the occurrence of intramolecular coupling between the bromouracil and indole moieties of the model compounds, photoreactions were carried out in acetonitrile. In all cases, however, we failed to get any intramolecular coupling product. On acetone-sensitization using Pyrex-filtered light, compounds 22 -25 gave polymeric products and/or a complex mixture of products. Under unsensitized irradiation conditions the model compounds were largely recovered unchanged (50-80 %), while 22 was less recovered (14 %). The results suggest that the geometry of the model compounds is not favorable for internal coupling (B) Between thymine and tryptophan (Ref. 23 ).
As will be described below, irradiation of thymine and L-tryptophan in aqueous solution gave two photoproducts, one of which was selectively obtained on irradiation in aqueous frozen solution. In order to gain insight on these phenomena, model compounds 27 -30 were synthesized and their spectral and photochemical behaviors were examined. ).
Compounds 27 and 28 were synthesized by the condensation of t-Boc-tryptophan with thymidine using DCCD, and the condensation of t-Boc-tryptophan with l-(2-hydroxyethyl)thymine gave 29 which was derived into 30 by selective hydrolysis followed by methoxycarbonylation.
All Of the model compounds had a hypochromic effect in their UV spectra compared with those of their parent components. The percent hypochromism data are shown in Table 4 , which also lists their relative quenching efficiencies obtained from quenching data of the fluorescence of the tryptophan moiety by the thymine moiety. The values for 27, 28 and 30 are comparable to those for 25 and 26 (Table 3) indicating that these three compounds may have also folded (or stacked) conformations.
Irradiation of compounds 27 -30 in acetonitrile with 254-nm light yielded polymeric products but no internal photocoupling product was detected. Irradiation of an aqueous unbuffered solution of l,3-dimethyl-4-thiouracil (31) in the presence of L-lysine (32) with Pyrex-filtered light gave a 1 : 1 mixture of two phothadducts (23 %). Recrystallization from aqueous ethanol gave one of the photoadducts as crystals, positive to the ninhydrin test. The structure of the crystalline photoproduct was assigned as 33 on the basis of its spectral and chemical properties. Attempts to isolate another photoproduct in a pure form were unsuccessful. However, the elemental analysis of the 1 : mixture of photoproducts was the same as that of the crystalline photoproduct. The 13C-NMR spectrum of the 1 : 1 mixture shows twelve signals assignable as those of a diastereomer of the crystalline photoproduct, in addition to the signals due to the latter. Thus, it is reasonably concluded that the photoreaction gave a 1 : 1 mixture of two diastereomers of 33. Recent'y, Reeve and Hopkins have reported that irradiation of thymine (or uracil) and L-tryptophan in aqueous buffered solution at pH 7.0 with filtered light (26O nm) gave two thymine-tryptophan photoproducts (or four uracil-tryptophan photoproducts) (Ref. 33) . We also independently found that irradiation of an aqueous unbuffered solution of a mixture of thymine and L-tryptophan with various ratios with Pyrex-filtered light or 254-nm light at room temperature yielded two photoproducts, A and B, in up to 50 % yield, as well as the formation of some minor products (Fig. 4) . Although the structures of these products A and B are not elucidated yet, the elemental and spectral analyses indicate that both products are not simple adducts.
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